Background Stainless steel is one of the most widely used biomaterials for internal fixation devices, but is not used in cementless arthroplasty implants because a stable oxide layer essential for biocompatibility cannot be formed on the surface. We applied a Ti electron beam coating, to form oxide layer on the stainless steel surface. To form a thicker oxide layer, we used a microarc oxidation process on the surface of Ti coated stainless steel. Modification of the surface using Ti electron beam coating and microarc oxidation could improve the ability of stainless steel implants to osseointegrate. Questions/purposes The ability of cells to adhere to gritblasted, titanium-coated, microarc-oxidated stainless steel in vitro was compared with that of two different types of surface modifications, machined and titanium-coated, and microarc-oxidated.
Introduction
The essential requirements of cementless stems are high biocompatibility, high mechanical strength, high corrosion resistance, and durability [11] . Presently, titanium (Ti) alloy is widely used in cementless arthroplasty implants because it satisfies these requirements [6, 11, 14] . However, Ti alloy is difficult to work with during manufacturing, and it is expensive since the demand for Ti has increased due to its use in various industrial fields. Thus, in developing countries especially, cemented stems are more commonly used than cementless stems [23] .
Stainless steel is one of the most frequently used biomaterials for internal fixation devices because of its favorable combination of mechanical properties, corrosion resistance, cost effectiveness, and ease of manufacturing [4, 21] . However, stainless steel is not used in cementless arthroplasty implants because of its high modulus of elasticity and low biocompatibility. After implantation of a stainless steel implant, a fibrous capsule forms around the implant, rather than direct bone-implant contact (osseointegration) [4, 11] . Biologic fixation (osseointegration) is considered a prerequisite for implant-supported prostheses and their long-term durability. The rate and quality of osseointegration in implants are related to their surface properties (surface chemical composition, hydrophilicity, roughness) [11] . A thicker oxide layer leads to an enhanced rate and quality of osseointegration [7] . Therefore, a stable oxide layer on the surface of the metal is essential for biocompatibility [7, 9, 11, 22] . However, an oxide layer does not readily form on the surface of stainless steel because of its chemical characteristics [6] , and the biocompatibility of stainless steel is lower than that of Ti alloy and cobalt-chromium alloy [4, 6] .
Electron beam deposition is a simple process that allows a dense and uniform film to be generated on almost any substrate [20, 24] . It has been used to treat hightemperature components of gas-turbine engines for aircraft, such as airfoils and vanes, with metallic and ceramic coatings to enhance performance and reliability [20] . Because the surface of stainless steel is hard to modify, a Ti coating was added to the stainless steel surface by electron beam deposition, combining the surface properties of Ti with the mechanical properties of stainless steel. Then, a microarc oxidation (MAO) process was used to form a rough TiO 2 layer on the Ti surface to enhance osteoblastlike cell integration [2, [12] [13] [14] 26] .
We assessed whether these surface modifications enhanced the biologic and morphologic responses of an osteoblastlike cell line (SaOS-2) to stainless steel in vitro based on (1) morphology; (2) proliferation (cell proliferation assay); (3) differentiation (alkaline phosphatase [ALP] activity); and (4) attraction ability (cell migration assay) of the cells, compared to machined stainless steel.
Materials and Methods
We studied the biologic and morphologic responses of an osteoblastlike cell line (SaOS-2) to stainless steel using three types of Ti-coated surface-modified stainless steel discs. We performed energy-dispersive x-ray spectroscopy (EDS) and scanning electron microscopy (SEM) investigations to assess the chemical composition and structure of the surfaces and the morphology of the SaOS-2 cells. We also measured the proliferation (cell proliferation assay), differentiation (ALP activity), and attraction ability (cell migration assay) of the SaOS-2 cells.
We performed an a priori power analysis for differences between the groups at an alpha level of 0.05. We considered the following differences biologically important: greater than 0.1 (nmol/min/ug) in alkaline phosphatase activity and greater than 0.1 (absorbance at 450 nm) in cell proliferation and cell migration assay. The standard deviations were 0.075 in alkaline phosphatase activity, 0.062 in cell proliferation rate, and 0.057 in cell migration assay. These analyses indicated sample sizes of 10, 7, and 6 were required for each group to achieve significance based on the above differences.
Three types of stainless steel 316L discs measuring 12 mm in diameter and 10 mm in thickness were manufactured (n = 174): (1) machined stainless steel (n = 58);
(2) surface-modified stainless steel with a Ti coating and MAO (n = 58); and (3) surface-modified stainless steel with grit blasting, Ti coating, and MAO (n = 58) ( Fig. 1 ). Grit blasting was achieved with Al 2 O 3 particles (diameter, 200-500 lm) moving in a high-velocity air stream (KSSA-5FD; Kum-Kang Tech, Incheon, Korea). The roughness of the grit-blasted specimens was in the range of 5 to 7 lm. For electron beam deposition, commercially pure-grade Ti plates with dimensions of 10 9 10 9 1 mm were prepared as a target material. A Ti layer up to 10 lm thick was then coated on the substrates at a rate of 0.1 nm per second. During the coating process, the substrate holders were rotated at 20 rpm to achieve a uniform layer. After Ti coating, the specimens were oxidized electrochemically using the MAO process. The MAO treatment of the prepared specimens was carried out in an aqueous electrolyte containing Ca and P sources, applying a pulsed DC field. As an electrolyte, a solution of 0.15 mol/L calcium acetate monohydrate (Sigma-Aldrich Corp, St Louis, MO) and 0.02 mol/L glycerol phosphate calcium salt (Sigma-Aldrich) was used. The applied voltage, frequency, and duty of the pulsed DC power were 230 V, 660 Hz, and 60%, respectively. All MAO treatments were carried out in a water-cooled glass bath using a stainless steel plate as a counterelectrode for 3 minutes. The surface roughness was measured using an optical interferometer (Accura 2000 1 ; Interplus Co, Seoul, Korea). The average surface roughnesses (Ra values) were 6.2 ± 0.32 lm (mean ± SD) for the grit-blasted, Ti-coated, MAOed group, 0.5 ± 0.15 lm for the Ti-coated, MAOed group, and 0.2 ± 0.11 lm for the machined group. The three surfaces were characterized using an SEM (JEOL JSM-6700F; JEOL, Ltd, Tokyo, Japan) after the test specimens had been coated with platinum. SEM results showed different surface characteristics Volume 469, Number 2, February 2011
Ti Coating and MAO of Stainless Steel 331 ( Fig. 2 ). Compared to the machined surface ( Fig. 2A) , the Ti-coated, MAOed surface had a remarkable multilayered porosity of 0.5 to 9.0 lm (average, 3.1 lm) ( Fig. 2B ). These measurements were obtained from three randomly selected areas. Scanned areas were 26 9 20 lm. Pore characteristics in the present study were confined to the ''opened pores'' on the surface (not including the ''buried pores'' in the anodic oxide film). The porosity is presented as a total area of opened pores per scanned area (3 9 26 lm 9 20 lm). The grit-blasted, Ti-coated, MAOed surface showed a rugged, multilayered porosity in the macropores, like the Ti-coated, MAOed surface, as a result of the grit blasting ( Fig. 2C ). EDS (JEOL JSM-6700F) was performed to evaluate the chemical composition of the stainless steel surfaces of the three groups. Compared to the machined stainless steel (Fig. 3A) , the Ti-coated, MAOed group showed a completely different surface, with high peaks of Ti, oxygen, calcium, and phosphate (Fig. 3B) . The MAO was able to cover contaminating alumina particles impacted by the grit blasting. This was also confirmed by the EDS spectrum results of the surface chemical characterization ( Fig. 3C ).
To prepare specimens for morphologic assessment using SEM, 0.5 mL SaOS-2 cells (5 9 10 4 cells/mL) in a medium containing 1% fetal bovine serum (FBS) were seeded on each of the 16 stainless steel samples. After 6 hours of incubation, the medium was removed. Phosphate-buffered saline (PBS) was added, and the cells were washed with PBS two to three times. After adding 2% glutaraldehyde-PBS solution, the cells were allowed to stabilize for 2 hours. The fixative solution was removed, and the cells were washed with distilled water three times. At 30-minute intervals, the cells were dehydrated through 50%, 70%, 90%, and 100% ethanol solutions. Finally, the ethanol was removed, and the cells were left at room temperature to evaporate the ethanol completely. We determined cell morphology using a SEM (JEOL JSM-6700F) after the test specimens had been coated with platinum.
For the cell proliferation assays, 0.5 mL SaOS-2 cells (5 9 10 4 cells/mL) in a medium containing 1% FBS were seeded on each of the 16 stainless steel samples and incubated (37°C, 5% CO 2 , 95% humidity) for 24, 48, 72, and 96 hours. The medium was exchanged with fresh medium before measuring cell proliferation using the CellTiter 96 1 nonradioactive cell proliferation assay (Promega Corp, Madison, WI) according to the manufacturer's protocol. This assay is a colorimetric method for determining the number of viable cells. The amount of formazan formed can be measured by its absorbance at 450 nm using a plate reader and is directly proportional to the number of viable cells in the culture. Using this kit, 15 lL dye solution was placed on the stainless steel sample and the cells were incubated in 5% CO 2 at 37°C for 4 hours. After 100 lL stop solution was added, 100 lL pipetted cells was transferred to a 96-well plate (Nunc A/S, Roskilde, Denmark). Cell proliferation was measured at 450 nm using a spectrophotometer (EL 312e;
BioTek Instruments, Inc, Winooski, VT).
ALP activity was measured by seeding 0.5 mL SaOS-2 cells (5 9 10 4 cells/mL) in medium containing 1% FBS on each of the 16 stainless steel samples, followed by incubation for 7, 14, and 21 days. The medium was removed, and the cells were washed with PBS three times to remove as much of the serum in the culture fluid as possible. Next, 1 mL 0.02% Triton 1 X-100 was placed on the stainless steel sample to lyse the cells. Cytolytic solution was transferred into a 1.5-mL tube, and the cells were sonicated. The tube was centrifuged (14,000 rpm, 4°C, 15 minutes), and the supernatant was transferred to a new 1.5-mL tube. Then, 100 lL 1 mol/L Tris-HCl, 20 lL 5 mmol/L MgCl 2 , and 20 lL 5 mmol/L p-nitrophenyl phosphate were added to the supernatant. The mixture was left to react at 37°C for 30 minutes, and 50 lL 1 N NaOH was added to stop the reaction. Using p-nitrophenol as a standard, the absorbance was measured at 410 nm using a spectrophotometer. The measured ALP activity was expressed as the p-nitrophenol production quantity divided by the reaction time and the protein synthesis quantity, as measured by the Bio-Rad Protein assay kit (Bio-Rad Laboratories, San Jose, CA).
For the cell migration assay, we placed each of 10 stainless steel samples in a Transwell 1 chamber in 24-well plates (Costar, Cambridge, MA) and put 500 lL medium with 1% FBS in the lower chamber ( Fig. 4) . We prepared 0.5 mL SaOS-2 cells (5 9 10 4 cell/mL) in serumfree medium, added this cell suspension plus culture fluid to the upper chamber above the polycarbonate filter (8-lm pore size), and cultured the cells for 24 hours at 37°C in 5% CO 2 . We then removed the medium from the upper chamber and removed the membrane and nonmigrated cells using a swab. To count the migrated cells, we placed the chamber in a new well, put 200 lL extraction solution in the chamber, shook the plate on an orbital shaker for 10 minutes, transferred 100 lL of each sample to a 96-well plate, and measured the absorbance at 560 nm using a spectrophotometer (EL 312e).
We compared the mean cell proliferation assay and ALP activity of the cells on the three different surfaces using the Kruskal-Wallis test and compared the cell migration assay results using the Wilcoxon signed-rank test. Statistical analyses were performed using SPSS 1 software (Version 11.5; SPSS Inc, Chicago, IL).
Results
The morphologic assessment of the cells after 6 hours of incubation using SEM showed the machined stainless steel ( Fig. 5A) and Ti-coated, MAOed (Fig. 5B ) surfaces were covered with small, slender osteoblastlike cells, whereas the grit-blasted, Ti-coated, MAOed surface was largely covered with lamellipodia from the osteoblastlike cells ( Fig. 5C ). Additionally, the lamellipodia largely covered and the filopodia extended into the micropores on the MAO surface. Thin cytoplasmic processes branched out from the filopodia and entered the interior of the micropores (Fig. 5C ).
After 24-, 48-, 72-, and 96-hours incubations, the proliferations of the SaOS-2 cells on the Ti-coated, MAOed stainless steel and grit-blasted, Ti-coated, MAOed stainless steel surfaces were higher (p \ 0.001) than that on the machined stainless steel surface, and the cell proliferation The grit-blasted, Ti-coated, MAOed specimen showed high peaks of aluminum due to grit-blasting materials on the grit-blasted, Ti-coated, MAOed stainless steel surface was higher (p = 0.01) than that on the Ti-coated, MAOed surface ( Fig. 6 ). We observed no differences in the ALP activity of the SaOS-2 cells on the surfaces among the groups after 7-, 14-, and 21-day incubations (Fig. 7) . The ALP value reached a maximum at 14 days (Fig. 7) .
The migrations of the SaOS-2 cells on the Ti-coated, MAOed stainless steel and grit-blasted, Ti-coated, MAOed stainless steel surfaces were higher (p \ 0.001) than that on the machined stainless steel surface, but the cell migration on the grit-blasted, Ti-coated, MAOed stainless steel surface was similar to (p = 0.609) that on the Ti-coated, MAOed stainless steel surface (Fig. 8 ).
Discussion
To enhance the potential for stainless steel to osseointegrate, we introduced a Ti coating using electron beam deposition, which has been successfully used in the space, turbine, optical, biomedical, and auto industries. We then developed a modified coating process using grit blasting followed by Ti coating and MAO. We asked whether this grit-blasting, Ti-coating, MAO process could improve the morphology, proliferation, differentiation, and attraction ability of SaOS-2 cells to stainless steel in vitro compared with two other surface modifications, machined and Ti-coated, and MAOed.
We note several limitations of our study. First, this study assessed only in vitro effects on cell morphology, proliferation, and differentiation. Further studies are needed to determine whether Ti coating and MAO actually improve osseointegration, which has not yet been studied in vivo. Second, we used SaOS-2 cells, an osteosarcoma cell line, which may behave differently from primary osteoblasts, so caution must be exercised in drawing any conclusion regarding osseointegration. SaOS-2 cell line revealed a 2 to 3-fold greater mean doubling-time and a 15 to 20-fold higher saturation density than osteoblasts [17] . However, to study interactions of osteoblastic cells with biomaterials, osteoblastlike cell lines from human osteosarcoma (SaOS-2) are often used [1, 3, 15, 16] . SaOS-2 cells in particular exhibited the most mature osteoblastic phenotype compared with other osteosarcoma-derived cells line [17] . That is why we used SaOS-2 cells in this study. Third, a DNA study was not performed. A DNA study could enhance the impact of these findings by also assessing the levels of Type I collagen and osteocalcin. Further study is needed. Fourth, the assessment of biocompatibility was limited by considering only alkaline phosphatase activity and cell proliferation rate, and we did not perform the necessary normalization experiments.
Electron beam deposition is a simple process in which a focused high-energy electron beam is directed to melt the evaporant material in a vacuum chamber [20] . The evaporating material condenses on the surface of the substrates or components, resulting in the formation of a coating [20] . During deposition, external heating is often applied to the substrate to enhance metallurgical bonding between the coating and the substrate. Electron beam deposition technology produces a new material with controlled microstructure and microchemistry in the form of coatings. This technology is being used to form coatings for many applications, including space, turbine, optical, biomedical, and auto industries. Coatings are often applied on components to extend their performance and life under severe environmental conditions, such as thermal, corrosion, wear, and oxidative stress. Performance and properties of the coating depend on its composition, microstructure, and deposition conditions [20, 24] .
The cell morphology and proliferation assay indicated all the surfaces examined were cytocompatible. This is consistent with many studies indicating Ti and stainless steel 316L are biocompatible substrates for cell culturing [19] . In our study, cell proliferation was elevated on the Ti-coated, MAOed groups compared with the machined group. Moreover, we noticed osteoblastlike cells on the grit-blasted, Ti-coated, MAOed stainless steel spread and formed lamellipodia on mirror-polished stainless steel surfaces comparable to those observed on the machined and Ti-coated, MAOed stainless steel surfaces. These findings indicate the grit-blasting, Ti-coating, MAO process can enhance cell integration on a stainless steel surface.
ALP activity is an indicator of osteogenic differentiation, bone formation, and matrix mineralization [11] . Several studies have demonstrated the influence of surface roughness on ALP activity [5, 12, 25] . However, we did not find ALP activity increased with roughness parameters, in contrast to the results reported by Kim et al. [10] . This discrepancy may be attributed to the use of SaOS-2 cell lines in this experiment, and SaOS-2 cells may lift off after achieving high confluence. ALP activity peaked at about 14 days in bone-derived cell cultures because the cells were slowly dividing over 3 weeks [8, 17, 25] .
To assess whether the stainless steel attracted osteoblastlike cells, we used a Transwell 1 migration assay system. The cell migration results were higher with Ti-coated, MAOed stainless steel than with machined stainless steel; thus, these surface modifications enhanced attraction of osteoblastlike cells.
A stable oxide layer on the surface of metals is essential for good biocompatibility [7, 9, 11, 22] . On stainless steel, such an oxide layer cannot readily form, in contrast to Ti. Thus, electron beam Ti deposition was used to make a stable oxide layer on the stainless steel surface. We also wanted to improve the biocompatibility of the Ti-coated stainless steel, so we introduced the MAO process to make a uniform oxide layer on the stainless steel [11] [12] [13] [14] . However, not all metals can be treated by the MAO process. For the MAO process, passivation at the anode side should occur, and the oxide layer formed on the metal surface should be stable in the working electrochemical environment. For these reasons, stainless steel cannot be MAOed [18] . The minimum thickness required for stable MAO treatment is dependent on the applied voltage; with increasing voltage, the minimum required Ti coating thickness increases [6] . For stable MAO treatments with 230 V, the Ti coating layer should be thicker than 3 lm [6] . The coating thickness in this research was in the range of 3 to 5 lm.
To increase surface roughness, we modified the surface of the stainless steel 316L by grit blasting followed by Ti coating and MAO. We then assessed the advantages of MAO treatment. This modification did enhance the cell proliferation and migration compared to machined stainless steel. Moreover, this process can overcome the disadvantages of grit blasting, such as the release of blasting particles. In this method, the blasting material is also embedded in the surface, as it is with grit blasting. MAO is not a mechanical phenomenon, but a chemical bond to the surface of the Ti alloy, in which a stable oxide layer surrounds embedded particles [14] .
We used the grit-blasting, Ti-coating, MAO process on stainless steel 316L. These surface modifications enhanced the biocompatibility (proliferation and migration of osteoblastlike cells) of stainless steel. This process is not unique to stainless steel; it can be applied to many metals and should also improve their biocompatibility. More generally, it should allow a broad range of materials for cementless arthroplasty components, which today are largely limited to Ti and cobalt-chromium alloys.
